Tensile creep tests were conducted to determine the creep parameters for a die-cast Mg-Al-Ca alloy AX52 (X representing calcium) in a temperature range from 423 to 498 K. The stress exponent of the minimum creep rate, n, increases at the yield stress of the alloy, and it lowers at higher temperatures. The activation energy for creep, Q c , decreases with increasing applied stress typically below the yield stress. The change in the creep parameters, n and Q c , is associated with the decreased creep strength caused by the collapse of the eutectic intermetallic phase covering the primary -Mg grains during creep. The thermally activated component of Q c is evaluated to be 143 kJ/mol below the yield stress, which is very close to the activation energy for the lattice self-diffusion of magnesium. It is deduced that the creep for the alloy is controlled by the hightemperature climb of dislocations.
Introduction
Lightweight magnesium alloys have been applied to the automotive materials in the last decade to improve fuel efficiency through the vehicle mass reduction. [1] [2] [3] [4] The use of the alloys for automotive applications is currently restricted to relatively low-temperature components.
5) The poor creep resistance of the conventional magnesium alloys has hindered the applications for use in major powertrain components such as transmission and engine parts, where the operating temperatures can be as high as 450 K.
6) The development of heat resistant magnesium alloys with superior creep strength for automotive powertrain components is a major requisite for the widespread use of the alloys and the promotion of the mass reduction of vehicles.
Calcium is both a cost effective and lighter alternative to rare-earth elements for improving high-temperature creep strength of magnesium alloys. [7] [8] [9] [10] [11] [12] [13] The cost effective Mg-AlCa alloys with superior creep strength have been successfully developed owing to the recent efforts to develop creep resistant magnesium alloys for the powertrain applications. [14] [15] [16] [17] [18] [19] [20] The compositions of the alloys are located typically in the range of 4.5-9.0 mass%Al and 0.3-2.3 mass%Ca as reviewed by Luo 21) and Pekguleryuz and Kaya. 22) Die-casting is a preferred processing route to produce magnesium components because of its high productivity. 23) The creep properties have been extensively investigated and discussed for the die-cast magnesium alloys, [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] however, the detailed research for the Mg-Al-Ca die-cast alloys is still quite limited. [35] [36] [37] [38] If the dislocation creep is considered to be working in the Mg-Al-Ca die-cast alloys, the dependence of the creep rate, _ " " s , on both the applied stress, , and temperature, T, is pronounced and is very important from the engineering point of view. [39] [40] [41] [42] The dependence of _ " " s on can be characterized by the parameter of the sensitivity of the creep rate to the applied stress, n, which is defined as
On the contrary, the dependence of _ " " s on T is characterized by the activation energy for creep, Q c ,
where R is the gas constant. The available data of creep parameters, n and Q c , for the Mg-Al-Ca die-cast alloys have been reported only for the AX53 (X representing calcium) alloy by Luo et al., 36) i.e., the values of n at 448 K and Q c at 83 MPa. The aim of the present study is to characterize the creep parameters for the AX52 die-cast alloy over a wide range of temperature and stress to discuss the dominant creep mechanisms for the alloy. The AX52 alloy is one of the most typical creep resistant Mg-AlCa alloys. In this study, all the creep tests were performed up to rupture to determine explicitly the secondary creep rates for the AX52 die-cast alloy and to obtain the creep parameters with sufficient accuracy.
Experimental
The AX52 alloy with the chemical composition listed in Table 1 was produced by a cold chamber die-casting machine. The melt temperature was controlled at 993 K, and the die-surface temperature was maintained constant at 473 K. The materials were obtained in the form of plates of 150 mm length, 70 mm width and thickness varying in steps from 1 to 3 mm. Specimens for the creep tests with a gage length of 28 mm and a rectangular cross section of 6 mm Â 3 mm were prepared from the 3 mm thickness sections of the castings. 43) The longitudinal axes of the specimens were parallel to the 70 mm direction of the plates.
The tensile creep tests were performed at constant loads in the temperature range between 423 and 498 K under applied stresses varying between 40 and 150 MPa. For each specimen, the test temperature was monitored at two positions of the gage portion to control temperature within 2 K. Tensile displacement was measured using extensometers attached to ridges at both ends of the gage portion, and the displacement of the extensometer heads was continuously recorded as a function of time by the linear variable differential transformers. All the creep tests in this study were continued up to rupture. The microstructure of the alloy was observed on the vertical section of the specimens before and after creep testing. The mounted specimens were mechanically polished through the standard metallographic procedure and then etched in a solution of 2 vol% HNO 3 and 98 vol% ethylalcohol. The microstructural examination was conducted using a field emission scanning electron microscope (FE-SEM) operated at 5 kV.
Results and Discussion

The shape of the creep curves
The FE-SEM observation of the die-cast specimens reveals that the microstructure is sufficiently homogeneous, as shown in Fig. 1(a) . The alloy consists of the eutectic phases covering the primary -Mg grains as is previously presented for the AX die-cast alloys. 35, 36, 44) The average diameter of the -Mg grains is identified to be 4.9 mm by a linear intercept analysis. The outlined portion of Fig. 1(a) is magnified in Fig. 1(b) , indicating the lamellar constituent of the -Mg phase and an intermetallic phase. Our preliminary experiments by both the X-ray diffraction and energy dispersive spectrometry indicate that the eutectic intermetallic phase is a C15-Al 2 Ca phase in the equilibrium state. 20) It is well established that the creep strength of the AX alloys is mostly attributed to the eutectic intermetallic phase covering the primary -Mg grains. 35, 36) The creep rate-time curves at 448 K under the stresses between 70 and 120 MPa are shown in Fig. 2 , where the measured creep rates almost vary from 10 À5 to 10 À1 h À1 . The creep rate-time curves exhibit three stages; a transient creep stage, a minimum creep rate stage and finally an accelerating stage. The minimum creep rate stage appears after approximately 40 pct of the time to rupture for each stress, indicating that the creep of the alloy is predominantly occupied by the accelerating creep rather than the transient creep. The decrease in the creep rate during the transient stage becomes pronounced with decreasing stress. It is found that the creep rate decreases by two orders of magnitude during the transient stage at 70 MPa.
The temperature dependence of the creep rate-time curve is shown at the applied stress of 90 MPa in Fig. 3 . The creep curves also consist of three stages at each temperature. At 423 K an anomalous creep event occurred which is exhibited by an abrupt decrease in creep rate during the accelerating stage. The decrease in the creep rate during the transient stage becomes less significant and the ratio of the transient creep duration to the rupture life decreases with increasing temperature. The minimum creep rate stage appears after 20 pct of the rupture life at 498 K. 
Stress dependence of the minimum creep rate
Minimum creep rates for the AX52 die-cast alloy are summarized as a function of stress in Fig. 4 . Two distinct creep regimes, the low and high stress-exponent regimes, are observed at each temperature. Hereafter, the low and high stress-exponent regimes are designated as Regime I and Regime II, respectively. The critical stress of Regime I and Regime II is 123 MPa at 423 K. With increasing temperature the critical stress decreases to the value of 97 MPa at 498 K.
The secondary creep rates obtained by Luo et al. 36) for the AX53 die-cast alloy at 448 K in the stresses between 42 and 97 MPa are included in Fig. 4 . It is mentioned that the creep tests were continued for at least 100 hours in their research. The creep rates of the AX53 alloy are slightly lower than those of the AX52 alloy in the stresses between 70 and 97 MPa, and the value n ¼ 1:5 is detected in the stresses below 70 MPa. Luo et al. ascribe the small value of n at lower stresses to the grain boundary sliding as the prominent creep mechanism.
The stress exponent of the minimum creep rate, n, has been identified to increase at the yield stress for the die-cast AM50 magnesium alloy. 43) The yield stresses of the AX52 die-cast alloy obtained by the tensile test in our previous study 37) are reproduced in Fig. 5 to compare the yield stress with the critical stress of Regime I and Regime II. It is noted that the tensile tests were performed at the strain rate of 2:5 Â 10 À4 s À1 in the temperature range between room temperature and 473 K. The yield stress of the alloy is 157 MPa at room temperature and decreases with increasing temperature to the value of 100 MPa at 473 K.
The critical stresses of Regime I and Regime II at four temperatures obtained from Fig. 4 are also represented in Fig. 5 . The plots of the critical stress are found to fall well on the curve of the yield stress, while the yield stress at higher temperatures is known to depend on the strain rate for metallic materials. 45, 46) The increase in the n value at the yield stress of the AX52 die-cast alloy is probably due to the introduction of many dislocations by the stress application of creep tests above the yield stress. The introduced dislocations increase the creep deformation and result in higher creep rates.
The stress exponent of the minimum creep rate, n, is obtained from the slope of each line in Fig. 4 and is summarized against temperature for Regime I and Regime II in Fig. 6 . The value of n decreases from 16 to 9 in Regime I and from 39 to 27 in Regime II, when the temperature is raised from 423 to 498 K. It is noted that the values of n detected in the AX52 die-cast alloy are much larger than those in pure magnesium. 47, 48) The larger value of n is a characteristic feature in the creep for the AX52 die-cast alloy, which may be resulted from the eutectic intermetallic phase covering the primary -Mg grains. The n value of the AX53 die-cast alloy at 448 K obtained by Luo et al. is 8.5 in the stresses between 70 and 97 MPa, 36) slightly smaller than that in Regime I for the AX52 die-cast alloy.
3.3 Temperature dependence of the minimum creep rate The dependence of the minimum creep rate on the reciprocal absolute temperature is presented for the stresses between 50 and 120 MPa in Fig. 7 . Figure 7 shows a twostage linear relationship, demonstrating that the transition of the two stages occurs at lower temperatures when the stress is higher. The transition takes place at around 490 K for 100 MPa, and the transition temperature decreases to 430 K for 120 MPa. It is found that the dotted line which separates the two regimes in Fig. 7 coincides with the borderline between Regime I and Regime II in Fig. 4 . The lower and higher stress regions in Fig. 7 correspond to Regime I and Regime II, respectively. The activation energy for creep, Q c , determined from each slope of the Arrhenius plots is shown as a function of stress for both regimes in Fig. 8 . In Regime I the values of Q c are determined at the stresses between 50 and 110 MPa. On the other hand, in Regime II the values of Q c are determined only at the stresses of 110 and 120 MPa. The value of Q c shows a negative dependence on the stress in Regime I, i.e., the Q c value decreases from 231 kJ/mol at 50 MPa to 164 kJ/mol at 110 MPa. On the contrary, in Regime II the dependence of Q c on the stress is small with the value of about 250 kJ/mol, while the number of the data is quite limited.
The decrease in the Q c value with increasing applied stress identified in Regime I must be a general trend for magnesium alloys. The above trend is already detected experimentally in the creep of pure magnesium 47, 48) and magnesium alloys. 43, 49) It is noted that the Q c value of the AX53 die-cast alloy at 83 MPa obtained by Luo et al. is 120 kJ/mol in the temperatures between 423 and 473 K. 36) The value is about two-thirds of that in Regime I determined at 83 MPa for the AX52 die-cast alloy.
Change in creep parameters of a Mg-Al-Ca die-cast
alloy The negative dependence of n with temperature ( Fig. 6 ) and similarly the negative dependence of Q c with stress ( Fig. 8) are obtained in the creep of the AX52 die-cast alloy. The value of n decreases from 16 to 9 in Regime I and from 39 to 27 in Regime II with increasing temperature from 423 to 498 K. The Q c value decreases from 231 to 164 kJ/mol in Regime I when the stress is raised from 50 to 110 MPa. On the contrary, the value of Q c is almost unchanged with 250 kJ/mol in Regime II.
The microstructure of a Mg-Al-Ca die-cast alloy evolves during high temperature creep. The FE-SEM micrograph of the AX52 die-cast alloy creep-ruptured at 473 K-80 MPa is shown in Fig. 9 as a typical example. The eutectic intermetallic phase covering the primary -Mg grains partly collapses during creep, while the average diameter of theMg grains remains unchanged and is about 5 mm. The microstructure change of the alloy during creep is characterized by the collapse of the eutectic intermetallic phase, i.e., the decrease in the coverage of the -Mg grains by the eutectic intermetallic phase. It should be noted that the decrease in the coverage becomes pronounced by a longerterm exposure at higher temperatures to lower the interfacial energy of the eutectic intermetallic phase.
50)
The decrease in the coverage of the -Mg grains by the eutectic intermetallic phase causes a decrease in the creep strength of the AX52 die-cast alloy. We have investigated the correlation between the creep strength and the coverage of the -Mg grains, , for the alloy by changing with aging treatment.
50) The minimum creep rate of the alloy with ¼ 0:49 is about eight times of that with ¼ 0:98 at the creep condition of 473 K-80 MPa. The decreased creep strength accompanied by the decrease in is explained based on the idea that in dislocation creep the grain boundaries free from precipitates act as dislocation sinks during creep deformation to reduce the dislocation density inside grains. 51) The change in the creep parameters of the AX52 die-cast alloy is well explained in terms of the decreased creep strength caused by the collapse of the eutectic intermetallic phase covering the primary -Mg grains during creep. The minimum creep rates for the AX52 die-cast alloy are schematically illustrated against stress and 1=T in Fig. 10(a)  and (b) , respectively. The shaded area in Fig. 10(a) indicates the decreased creep strength attributed to the collapse of the eutectic intermetallic phase during creep. In the case that the eutectic intermetallic phase hardly collapses during creep, the larger values of n will be obtained in both Regime I and Regime II. However, the decrease in the creep strength caused by the collapse of the eutectic intermetallic phase is pronounced by the longer-term exposure at higher temperatures, leading to the negative dependence of n with temperature in both regimes.
The apparent activation energy for the alloy must include the decreased creep strength caused by the collapse of the eutectic intermetallic phase during creep in addition to the thermally activated component, as illustrated in Fig. 10(b) . In Regime I, the decreased creep strength attributed to the collapse of the eutectic intermetallic phase becomes less pronounced at higher stresses, leading to the negative dependence of Q c with stress. The decrease in the creep strength by the collapse of the eutectic intermetallic phase is small in Regime II due to the short time to creep rupture, resulting in the almost unchanged value of Q c in Regime II.
3.5 Thermally activated component of Q c in a Mg-Al-Ca die-cast alloy The activation energies for creep in the heat resistant magnesium alloys are usually much higher than that for the lattice self-diffusion of magnesium (136 kJ/mol 52, 53) ) or that for the interdiffusion in Mg-Al solid solution alloys (143 kJ/ mol 54) ) even in the case that dislocation creep takes place in the alloys. 55, 56) The activation energy for creep in the AX52 die-cast alloy is considered to include the decreased creep Figure 11 (a) shows the correlation between the minimum creep rate and the stress for the AX52 die-cast alloy at four temperatures, together with the estimated values of creep rates without the decreased creep strength at 448, 473 and 498 K by thin lines. It is noted that the time to creep rupture is less than 0.1 h at every temperature, when the minimum creep rate is around 10 0 h À1 . The creep rates without the decreased creep strength by the microstructure change during creep estimated at 90 and 120 MPa were plotted against the reciprocal absolute temperature in Fig. 11(b) . The stress of 90 MPa is located in Regime I at all temperatures, while the stress of 120 MPa is located in Regime II at temperatures higher than 430 K.
The Q c value of the alloy without the decreased creep strength by the microstructure change during creep is evaluated to be 143 kJ/mol at 90 MPa, which is the same as that for the interdiffusion in the Mg-Al solid solution alloys and very close to that for the lattice self-diffusion of magnesium. The normal transient creep detected in the alloy at each creep condition is a characteristic feature in the case of the climb-controlled dislocation creep, whereas the inverse transient creep occurs in the creep controlled by the viscous glide of dislocation. 41) In conclusion, the rate controlling process in Regime I of the alloy is considered to be the dislocation climb.
The value of Q c without the effect of microstructure change during creep is 252 kJ/mol at 120 MPa, which is much higher than that for the lattice self-diffusion of magnesium. Many dislocations are introduced by the instantaneous plastic strain at the stress application of creep tests in Regime II, which could activate creep deformation and cause higher creep rates. The number of the introduced dislocations would be higher as the temperature is raised under the same stress level, resulting in the higher value of Q c in Regime II compared with the activation energy for the lattice self-diffusion of magnesium.
Conclusions
The creep parameters of a die-cast Mg-Al-Ca alloy AX52 (X representing calcium) were investigated at temperatures between 423 and 498 K and stresses between 40 and 150 MPa. The obtained results are summarized as follows:
(1) The creep curves of the present alloy exhibit three stages; a normal transient creep stage, a minimum creep rate stage and finally an accelerating stage. The creep of the alloy is predominantly occupied by an accelerating stage rather than a transient stage in the examined conditions. (2) The stress exponent of the minimum creep rate, n, increases at the yield stress of the alloy at each temperature, and it lowers at higher temperatures. The activation energy for creep, Q c , decreases with increasing applied stress typically below the yield stress. The negative dependence of n with temperature and similarly the negative dependence of Q c with stress are ascribed to the decreased creep strength caused by the collapse of the eutectic intermetallic phase covering the primary -Mg grains during creep. (3) The thermally activated component of Q c is evaluated to be 143 kJ/mol below the yield stress, which is very close to the activation energy for the lattice selfdiffusion of magnesium. The rate controlling process in the creep for the alloy is considered to be the dislocation climb. The larger value Q c $ 250 kJ/mol above the yield stress is attributed to the introduction of many dislocations by the instantaneous plastic strain at the stress application of creep tests. 
